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1. Introduction
X-ray spectra from XMM-Newton may be utilized to characterize the interstellar
medium (ISM), if accurate atomic K-edge cross sections are available [1, 2, 3, 4, 5, 6, 7].
Single and multiply ionization stages of C, N, O, Ne and Fe have been observed in
the ionized outflow in NGC 4051 measured with XMM-Newton [8] in the soft x-ray
region and low ionized stages of C, N and O have also been used in modelling x-
ray emission from OB super-giants [9]. Radiative/photo recombination of singly and
doubly charged nitrogen ions also play an important role in the chemistry of the
atmosphere of Titan [10]. Detailed photoionization models of the brightest knot of star
formation in the blue compact dwarf galaxy Mrk 209 required abundances for ions of
oxygen and nitrogen [11]. The XMM-Newton X-ray spectra of WR 1 is rich in nitrogen
ions [12] and photoionization cross section data and abundances for carbon, nitrogen,
and oxygen in their various stages of ionization are essential for photoionization models
applied to the plasma modelling in a variety of planetary nebulae [13]. In the present
study we focus our attention on obtaining detail spectra on the doubly ionized nitrogen
ion N2+ (N III) in the vicinity of its K - edge.
Photoionization (PI) cross sections used for the modelling of astrophysical
phenomena have mainly been provided by theoretical methods, due to limited
experimental data being available. Major effort has gone into improving the quality
of calculated data using state-of-the-art theoretical methods. Recent advances in
the determination of atomic parameters for modeling K lines in cosmically abundant
elements have been reviewed by Quinet and co-workers [4].
Absolute experimental K-shell photoionization cross section results have been
obtained by various groups on a variety of atoms and ions of astrophysical interest;
He-like Li+ [14, 15, 16], Li-like B2+ [17], C3+ [18], N4+ [6], Be-like B+ [19], C2+ [20],
N3+ [6], B-like C+ [21], C-like N+ [5], N-like O+ [22], F-like Ne+ [23], neutral nitrogen
[24] and oxygen [25, 26, 27, 28].
Recent studies on K-shell photoionization cross sections calculations for neutral
nitrogen and oxygen showed excellent accord with high resolution measurements made
at the Advanced Light Source (ALS) radiation facility [24, 28] as have similar cross
section calculations on singly and multiply ionized stages of atomic nitrogen compared
with high resolution measurements at the SOLEIL synchrotron facility [5, 6]. The
majority of the high-resolution experimental data from third generation light sources
have been shown to be in excellent agreement with the state-of-the-art R-matrix
method [29, 30] and with other modern theoretical approaches.
The present investigation for this proto-type B-like atomic nitrogen ion gives
accurate values of photoionization cross sections produced by x-rays in the vicinity
of the K-edge, where strong n=2 inner-shell resonance states of N2+ are observed.
This work compliments our previous studies on K-shell photoionization of singly and
multiply ionized atomic nitrogen ions [5, 6] in the vicinity of the K-edge. Previous
experimental studies on B-like atomic nitrogen have been performed only in the valence
shell region [31, 32]. To date no experimental studies for the K-edge region have
been reported in the literature. For the B-like ions N2+, O3+ and F4+, absolute
experimental cross section measurements in the near threshold region were made by
Bizau and co-workers [31, 32]. Close-coupling calculations performed by Li-Guo and
Xin-Xiao [33] based on the R-matrix formalism [34] obtained excellent agreement with
the experimental work of Bizau and co-workers [32]. In this near threshold region it
was necessary to include both the ground state and metastable excited states in the
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theoretical work in order to achieve suitable agreement with experiment.
We follow a similar approach here for the K-shell energy region. N2+ ions
produced in the SOLEIL synchrotron radiation experiments are not purely in their
ground state. K-shell photoionization contributes to the ionization balance in a more
complicated way than outer shell photoionization. In fact K-shell photoionization
when followed by Auger decay couples three or more ionization stages instead of two
in the usual equations of ionization equilibrium [35].
The 1s → 2p photo-excitation process on the 1s22s22p 2Po ground-state of B-like
nitrogen ion is,
hν + N2+(1s22s22p 2Po)→ N2+ (1s2s2 2p2[3P,1 D,1 S] 2S,2 P,2 D)
which can decay to
↙ ↘
N3+ (1s22s2 1S) + e−(k2` ), or N
3+ (1s22s np 1P◦) + e−(k2` ),
where k2` is the outgoing energy of the continuum electron with angular momentum `.
Experimental studies on this doubly ionized atomic nitrogen ion, in its ground state
1s22s22p 2Po, are also hampered by metastable states present in the parent ion beam.
In the present experimental studies performed at the SOLEIL radiation facility, N2+
ions are produced in the gas-phase using an Electron-Cyclotron-Resonance-Ion-Source
(ECRIS) so the metastable state 1s22s2p2 4P can be present in the parent ion beam.
For the 1s22s2p2 4P metastable state, auto-ionization processes occurring by the
1s → 2p photo-excitation process are mainly;
hν + N2+(1s22s2p2 4P)
↓
N2+[1s2s[1,3S] 2p3(4So,2 Do,2 Po)]4So,4 Po,4 Do
↓
N3+(1s22s np 3Po) + e−(k2` ).
In the vicinity of the K-edge our current investigations appear to be the first time this
B-like system has been studied experimentally for such an energy region.
State-of-the-art ab initio calculations for Auger inner-shell processes were first
carried out on this B-like system by Petrini and de Araújo [35] using the R-matrix
method [29] and followed a similar procedure to the work on K-shell studies for the
Be-like B+ ion [36]. Stoica and co-workers [37] noted that once the 1s-hole was
created in the ions, by single photoionization, with simultaneous shake-up and shake-
off processes, Auger decay populates directly excited states of the residual ions, which
then produces UV lines. This work was further extended by Garcia and co-workers
[38], using the optical potential method within the Breit-Pauli R-matrix formalism
[29, 30, 39, 34], for photoionization of the ground state only, along the nitrogen iso-
nuclear sequence. Garcia and co-workers [38] pointed out that the earlier central field
calculations [40, 41, 42] did not account for the strong autoionizing resonance features
that dominate the cross sections near the K-edge.
In the present study we compare our theoretical cross section results from
the multi-configuration Dirac Fock (MCDF) and R-matrix methods with previous
theoretical results [43, 44, 38] and with the current experimental measurements made
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at the SOLEIL synchrotron radiation facility. Detailed measurements of the K-shell
single photon ionization cross sections for B-like nitrogen ions, were made in the 404
eV – 409 eV region (where strong peaks were observed) and in the photon energy
range 439 eV – 442 eV. The results for resonance energies and Auger widths are
compared with detailed theoretical predictions made using the MCDF [45], R-matrix
[34] and the SCUNC empirical methods [46, 47]. The theoretical predictions assist
in the identification and characterization of the strong 1s → 2p and the weaker
1s → 3p resonances observed in the B-like nitrogen spectra. The current study gives
absolute values (experimental and theoretical) for PI cross sections along with n=2
and n=3 inner-shell resonance energies, natural line widths and resonance strengths,
for the situation of a photon interacting with the ground 1s22s22p 2Po, and metastable
1s22s2p2 4P states of the N2+ ion.
In section 2 we briefly outline the experimental procedure used and section
3 presents the theoretical procedures used. Section 4 gives a discussion of our
experimental and theoretical results. Finally in section 5 conclusions are drawn from
the present study.
2. Experiment
Cross sections for photoionization of B-like atomic nitrogen ions were measured in
the range where K-shell photoionization occurs. The experiment was performed at
the MAIA (Multi-Analysis Ion Apparatus) set-up, permanently installed on branch
A of the PLEIADES beam line [48, 49] at SOLEIL, the French National Synchrotron
Radiation Facility, located in Saint–Aubin, France. Further details of the experimental
setup were outlined in our previous publications on N+ [5], N3+ and N4+ [6] therefore
only a brief summary will be given here. The N2+ ions are produced in a permanent
magnet electron cyclotron resonance ion source (ECRIS). Collimated N2+ ion-beam
currents up to 160 nA were extracted from the ion source after biasing the ion source
by +2 kV and then selected by mass per charge ratio using a dipole magnet selector.
The ion beam was placed on the same axis as the photon beam by using electrostatic
deflectors and einzel lenses to focus the beam. After the interaction region between
the photon and the ion beams, another dipole magnet separates the primary beam
and the beam of ions which have gained one (or several) charge(s) in the interaction,
the so-called photo-ions. The primary ions are collected in a Faraday cup and the
photon-ions are detected by multi-channel plates detector. The photon current is
measured by a calibrated photodiode. Ions with the same charge as the photo-ions
can also be produced by collisions between the primary ions and the residual gas or
stripping on the walls in the interaction region. This background signal is subtracted
by chopping the photon beam, collecting the data with and without photons for 20
seconds accumulation time.
For the absolute measurements of the PI cross sections, a -1000 V bias is applied
on the 50 cm long interaction-region and the data are collected with 30 meV photon
energy steps. The overlap of the two beams and the density distributions of the
interacted particles is determined in three dimensions by using three sets of scanning
slits. The cross sections obtained have an estimated systematic uncertainty of 15%.
In another spectroscopy mode, no bias is applied to the interaction region allowing the
photon and ion beams to interact over about 1 m and to scan the photon energy with
a finer step. In this mode, only relative cross sections can be measured. They are later
normalized on the cross sections determined in the absolute mode assuming the area
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under the resonances to be the same. The energy and band width of the photon beam
are calibrated separately using a gas cell and N2 (1s→ pi*g v=0) photoionization lines,
located at 400.87 eV [50] and Ar 2p3/2−14s at 244.39 eV [51]. The photon energy, once
corrected for Doppler shift, has an uncertainty of approximately 30 meV. The relative
uncertainty on the band passes is of the order of 10 %. Outstanding possibilities in
terms of spectral resolution and flux at the N2 (1s−1) K-edge have been discussed
recently by Miron and co-workers [52, 53].
3. Theory
3.1. SCUNC: B-like nitrogen
In the framework of the Screening Constant by Unit Nuclear Charge (SCUNC)
formalism [46, 47], the total energy of the core-excited states is expressed in the form
given by,
E
(
N`n`′;2S+1 Lpi
)
= −Z2
[
1
N2
+
1
n2
[
1− β (N`n`′;2S+1 Lpi;Z)]2](1)
where E
(
N`n`′;2S+1 Lpi
)
is in Rydberg units. In this equation, the principal quantum
numbers N and n are respectively for the inner and the outer electron of the He-like
iso-electronic series. The β-parameters are screening constants by unit nuclear charge
expanded in inverse powers of Z and are given by the expression,
β
(
N`n`′;2S+1 Lpi
)
=
∑
k=1
fk
(
1
Z
)k
(2)
where fk
(
N`n`′;2S+1 Lpi
)
are parameters that are evaluated empirically from existing
experimental measurements on resonance energies. Similarly one may get the Auger
widths Γ in Rydbergs (1 Rydberg = 13.605698 eV) from the formula
Γ(Ry) = Z2
[
1−
∑
q
fq
(
1
Z
)q]2
. (3)
The Advanced Light Source experimental measurements of Schlachter and co-workers
on K-shell photoionization of B-like carbon ions [21] were used to determine the
appropriate empirical parameters fq for the Auger widths.
3.2. MCDF: B-like Nitrogen
Multi-configuration Dirac-Fock (MCDF) calculations were performed based on a full
intermediate coupling regime in a jj-basis using the code developed by Bruneau [45].
Photoexcitation cross sections have been carried out for B-like atomic nitrogen ions in
the region of the K-edge. Only electric dipole transitions have been computed using the
length form. For this B-like atomic nitrogen ion the following initial configurations
were considered: 1s22s22p and 1s22s 2p2. In order to take account of correlation
and relaxation effects, multiple orbital with the same quantum number were used.
The bar over the orbital indicates that they are different for the initial and final
states. In order to describe the correlation and relaxation effects, multiple orbitals
with the same quantum number and the following final configurations were considered:
1s2s22p2, 1s2s2p2np, 1s2s2p3, 1s2s22pnp. Such notation means that radial functions
with principal quantum number n =1 or 2 are not the same for initial and final
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Figure 1. (Colour online) Experimental K-shell photoionization cross sections for
N2+ ions measured with various band passes at the SOLEIL synchrotron radiation
facility over the photon energy region 404 eV - 409 eV. (a) absolute results taken
with a band pass of 90 meV FWHM, obtained in the relative mode then normalized
to the scan (a). For scan (a), the error bars give the total uncertainty, and the
statistical uncertainty for scans (b) and (c).
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configurations. Radial functions with principal quantum number up to n=6 were
included in our calculations. Photoexcitation cross sections from the 1s22s22p and
1s22s2p2 configurations were calculated separately. The wavefunctions were calculated
minimizing the following energy functional:
E =
∑
α(2Jα + 1)Eα
2
∑
α(2Jα + 1)
+
∑
β(2Jβ + 1)Eβ
2
∑
β(2Jβ + 1)
(4)
where α and β run over all the initial and final states, respectively.
Synthetic spectra were constructed as a weighted sum of the photoexcitation cross
sections from the ground state levels 1s22s22p(2P1/2,3/2) and the metastable state
levels 1s22s2p2(4P◦1/2,3/2,5/2). In order to compare with the SOLEIL experiments
the weights used were 80 % of the 2P◦ levels, and 20 % for the 4P. Each electric
dipole transition has been dressed by a Lorenztian profile with a full width half
maximum (FWHM) given by the autoionization width of the upper level. The
autoionization widths were evaluated from our MCDF calculations and for the photo-
excited configurations 1s2s22p2 and 1s2s2p3. The average Auger widths were found
respectively to be 64 meV and 105 meV.
3.3. R-matrix: B-like Nitrogen
The R-matrix method [34], implemented in a parallel version of the codes [54, 55, 56]
was used to determine all the cross sections. The PI cross sections were carried out
for the initial 2Po ground state and the 4P metastable states. All the PI cross section
calculations were performed in LS-coupling with 390-levels of the residual ion retained
in the close-coupling expansion. The 1s, 2s and 2p tabulated orbitals from the work
of Clementi and Roetti [57] were used together with n=3 physical and n=4 pseudo-
orbitals of the N3+ residual ion. The n=4 pseudo-orbitals were energy optimized on
the appropriate 1s−1 hole-shell states [58], employing the atomic structure code CIV3
[59]. These n=4 so called pseudo-orbitals are incorporated into the scattering basis
set to try and accommodate for core relaxation and electron correlation effects in the
multi-reference-configuration interaction wavefunctions used to describe the atomic
ion states. All the N3+ residual ion states were then represented by using multi-
reference-configuration-interaction (MRCI) wave functions. The non-relativistic R-
matrix approach was used to calculate the energies of the N2+ bound states and the
subsequent PI cross sections.
The R-matrix with pseudo-states method (RMPS) was used to determine all the
cross sections (in LS - coupling) with 390 levels of the N3+ residual ion included in the
close-coupling calculations. Since metastable states are present in the parent ion beam,
theoretical PI cross-section calculations are required for both the 1s22s22p 2Po ground
state and the 1s22s2p2 4P metastable states of the N2+ ion for a proper comparison
with experiment.
The scattering wavefunctions were generated by allowing two-electron promotions
out of selected base configurations of N2+. Scattering calculations were performed
with twenty continuum functions and a boundary radius of 9.4 Bohr radii. For the
2Po ground state and the 4P metastable states the electron-ion collision problem was
solved with a fine energy mesh of 2×10−7 Rydbergs (≈ 2.72 µeV) to delineate all the
resonance features in the PI cross sections. Radiation and Auger damping were also
included in the cross section calculations.
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Figure 2. (Colour online) Photoionization cross sections for N2+ ions measured
with a 60 meV band pass at SOLEIL. Solid circles : total photoionization. The
error bars give the statistical uncertainty of the experimental data. The MCDF
(dashed line), R-matrix RMPS (solid line, red, 4P, green, 2Po), and the Optical
potential (dash-dot line, 2Po only) [38] calculations shown were obtained by
convolution with a Gaussian distribution having a profile width at FWHM of
60 meV and a weighting of the ground and metastable states (see text for details)
to simulate the measurements. Tables 1 and 2 gives the designation and the
parameters of the resonances 1 - 6 in this photon energy region.
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Figure 3. (Colour online) Photoionization cross sections for N2+ ions measured
with a 67 meV FWHM band pass at the SOLEIL radiation facility. Solid circles
: total cross sections. The error bars give the statistical uncertainty of the
experimental data. The MCDF (dashed line, blue), R-matrix RMPS (solid line,
red 4P, green 2Po) and the Optical potential (dash-dot line, 2Po only) [38]
calculations shown were obtained by convolution with a Gaussian distribution
having a profile width at FWHM of 67 meV and a weighting of the ground and
metastable states (see text for details) to simulate the measurements.
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For a direct comparison with the SOLEIL results, the R-matrix cross section
calculations were convoluted with a Gaussian function of appropriate width and an
admixture of 80% ground and 20 %metastable states used to best simulate experiment.
The peaks found in the theoretical photoionization cross section spectrum were
fitted to Fano profiles for overlapping resonances [60, 61, 62] as opposed to the energy
derivative of the eigenphase sum method [63, 64, 65]. The theoretical values for the
natural linewidths Γ determined from this procedure are presented in Tables 1 and
2 and compared with results obtained from the high-resolution SOLEIL synchrotron
measurements and with other theoretical methods.
R-matrix calculations were also performed using an n=2 basis (1s, 2s and 2p)
comparable to the work of Garcia and co-workers [38] for the 4P metastable. The
appropriate resonance parameters (for the 4P metastable and the 2Po ground state
similar to the work of Garcia and co-workers [38]) are included in Tables 1 and 2 from
these calculations for completeness.
4. Results and Discussion
Over the two photon energy ranges investigated we found in the cross sections that
the most intense resonance peaks were located in the photon energy region, 404 eV
– 409 eV. All the experimental measurements are shown in figure 1, taken at the
various spectral photon energy resolutions, ranging from 30 meV to 90 meV at FWHM.
We note that since the 4P metastable state of the N2+ ion is present in the parent
experimental beam, theory may be used to estimate its content. Figure 2 shows
our experimental and theoretical (MCDF and R-matrix) results for the restrictive
photon energy range of 404 eV – 409 eV. From our theoretical R-matrix studies on
this system we find that an admixture of 80% ground state and 20 % metastable
state in the parent ion beam indicates satisfactory agreement between theory and
experiment. This admixture was determined by comparing the area under the strong
peaks between experiment and theory.
For a direct comparison with the experimental work both the MCDF and R-
matrix theoretical cross sections were convoluted with a Gaussian distribution function
having a profile width at FWHM of 60 meV and the above admixture used to simulate
the SOLEIL measurements and the results presented in figure 2. Figure 2 illustrates
the experimental and theoretical (MCDF and R-matrix) single photonionization cross
sections results over the photon energy range from 404 eV – 409 eV at the energy
resolution of 60 meV. Tables 1 and 2 gives the experimental and theoretical estimates
for all of the resonance parameters of the peaks located in the photon energy range 404
eV - 409 eV. From Table 2, one sees that the MCDF predictions for the 2S resonance
energy is at 410.1 eV, outside of the energy range investigated. The peaks found in
the photoionization cross section spectra measured at SOLEIL for this B-like atomic
nitrogen were fitted to Voigt functions. Voigt profiles were used to fit the peaks in the
experimental data, in order to extract the line widths, with a Gaussian instrumental
profile of 60 meV assumed for each peak. For the determination of the experimental
widths, each individual sweep has been fitted separately by Voigt profiles to avoid
any possible shift in the energy delivered by the monochromator. Then the final
width of the Lorentzian component was obtained from the weighted mean of the
individual Lorentzian width determined from each fit. For the N2+ ion, splitting of
the J components of the initial state [66] was also taken into account, assuming a
statistical distribution of the levels. The experimental uncertainties in the tables are
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Table 1. B-like atomic nitrogen ions, quartet core-excited states. Comparison of
the present experimental and theoretical results for the resonance energies E(res)ph
(eV), natural linewidths Γ (meV) and resonance strengths σPI (in Mb eV), for
the dominant core photoexcited n=2 states of the N2+ ion, in the photon energy
region 404 eV to 409 eV with previous investigations.
Resonance SOLEIL R-matrix MCDF/Others
(Label) (Experiment†) (Theory) (Theory)
1s2s[3S]2p3 4D◦ E(res)ph 404.794 ± 0.03† 404.776a 404.784b
1 404.623e 405.630c
404.930d
Γ 56 ± 19 62a
68e 31c
56d
σPI 3.21 ± 0.74 2.53a –
1s2s[3S]2p3 4S◦ E(res)ph – 405.234
a 405.780b
2 405.553e 404.354c
405.510d
Γ – 15a –
16e 12c
11d
σPI – 2.19a –
1s2s[3S]2p3 4Po E
(res)
ph - 407.584
a 408.543b
3 408.273e 408.411c
407.580d
Γ – 48a –
51e 24c
15d
σPI – 1.35a –
†SOLEIL, experimental work.
aR-matrix, n=4 basis, LS-coupling, present work.
bMCDF, present work
cMCDF, Chen and co-workers. [43, 44]
dScreening Constant by Unit Nuclear Charge (SCUNC) approximation, present work.
eR-matrix, n=2 basis, intermediate coupling, level averaged.
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Table 2. B-like atomic nitrogen ions, doublet core-excited states. Comparison of
the present experimental and theoretical results for the resonance energies E(res)ph
(eV), natural linewidths Γ (meV) and resonance strengths σPI (in Mb eV), for
the dominant core photoexcited n=2 states of the N2+ ion, in the photon energy
region 404 eV to 409 eV with previous investigations.
Resonance SOLEIL R-matrix MCDF/Others
(Label) (Experiment†) (Theory) (Theory)
1s2s22p2 2D E(res)ph 405.814 ± 0.03† 405.703a 405.890b
4 405.965e 406.128c
– 405.980d
–
Γ 122 ± 19 122a 55c
109e 123d
σPI 10.1 ± 1.9 10.44a –
1s2s22p2 2P E
(res)
ph 406.547 ± 0.03† 406.656a 406.380b
5 406.387e 406.404c
406.561d
Γ 58 ± 7 62a
43e 25c
66d
σPI 16.80 ± 2.7 19.32a –
1s2s22p2 2S E(res)ph 408.376 ± 0.03† 408.344a 410.085b
6 408.297e 408.087c
408.414d
–
Γ 120 ± 60 106a 25c
94e 132d
σPI 1.18 ± 0.47 1.87a –
†SOLEIL, experimental work.
aR-matrix, n=4 basis, LS-coupling, present work.
bMCDF, present work
cMCDF, Chen and co-workers. [43, 44]
dScreening Constant by Unit Nuclear Charge (SCUNC) approximation, present work.
eR-matrix, n=2 basis, intermediate coupling, level averaged.
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the total uncertainties.
The MCDF and R-matrix cross sections results indicate suitable agreement with
experiment from matching the calculated and experimental ionization thresholds.
Estimates for the resonance parameters, for the N2+ doublet and quartet states,
made using the screening constant by unit nuclear charge (SCUNC) empirical fitting
approach [46, 47] can be seen to be in satisfactory agreement with the more
sophisticated MCDF and R-matrix theoretical methods and experiment (c.f. Tables
1 and 2).
For the peaks found in the cross sections in the photon energy range 404 eV - 409
eV, the resonance energies and linewidths (c.f. Tables 1 and 2) all indicate suitable
agreement between theory and the available experimental measurements. The n=2
intermediate doublet 1s2s22p2 2S, 2P, 2D resonance states have a strong presence in
the resulting photoionization spectra in the photon energy range 404 eV – 409 eV.
The quartet 1s2s[3S]2p3 4So, 4Po, 4Do resonances have a weaker presence in the cross
sections over this same photon energy range as illustrated in figure 2. The 4S◦ peak is
predicted theoretically (c.f. Table 1) but could be obscured by the 4Do resonance in
the experimental spectra. The two resonances are close in experimental energies and
may not be individually resolved (with the present resolution), or the 4S◦ resonance
could be much weaker than predicted. Tentatively there appears some experimental
indication of this weak peak around about 405.2 eV but higher statistics than that used
in the present experiment would be required to resolve this feature. Similarly, missing
from the present experimental measurements is the 4P◦ peak (c.f. Table 1), which is
observed weakly, in analogous ALS experiments on B-like carbon (C+) by Schlachter
and co-workers [21]. For the N2+ ion our theoretical predictions indicate that the
1s22s2p2 4P→ 1s2s[3S]2p3(2P) 4Po resonance energy is located at an energy of about
407.6 eV which is outside of the energy region scanned in the present experimental
measurements.
For B-like nitrogen, from tables 1 and 2, we note that peak 1 (1s2s[3S]2p3 4Do)
and 5 (1s2s22p2 2P) have comparable Auger widths of about 60 meV. Peaks 4
(1s2s22p2 2D) and 6 (1s2s22p2 2S) also have similar widths but are about a factor
of two larger being around 120 meV. On physical grounds we attribute this difference
due to different branching ratio’s and decay mechanism’s to the ground and excited
states of the residual N3+ ion. An analogy may be drawn with the decay mechanism’s
in higher charged B-like ions, from the recent saddle-point calculations of Sun and
co-workers [67] where similar trends were found.
Due to dipole selection and Hund rules, angular momentum coupling
consideration give two possible 4So states from the 1s2s[1,3S]2p3(4So) states as opposed
to a single one from the 1s2s[3S]2p3(2Do) 4Do state. Highly correlated R-matrix [68]
and saddle-point [69] calculations on B-like carbon confirm the earlier findings on
the ordering of the quartet states by Schlachter and co-workers [21]. For the present
B-like system our RMPS calculations give a similar ordering of the quartet states
presented in Table 1 as in C+ [21, 68, 69]. Figure 2, ilustrates all of the N2+ doublet
states predicted by theory, which are observed in this spectral range. Theoretical
predictions from the MCDF and R-matrix methods show suitable agreement with
experiment, apart from the location of the 2S resonance in the MCDF case. For the
doublet states, the R-matrix results indicate better agreement with experiment (for
cross sections and resonance parameters c.f. Table 2) than other theoretical methods.
Figure 3 shows the photon energy range in the vicinity of the 1s22s22p 2Po →
1s2s22p[3P]3p 2D transition which occurs from the ground state of the N2+ ion. The
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SOLEIL measurements in this energy region were taken with a spectral resolution of 67
meV. To compare directly with experiment the MCDF and R-matrix calculations were
convoluted with a Gaussian distribution function having a profile width at FWHM of
67 meV and weighted 80% for the ground-state and 20 % for the metastable. From
figure 3 it is seen that the resonance line intensities, from the present RMPS, R-
matrix calculations compare more favourably with the SOLEIL measurements. The
experimental energy of this resonance was found at 440.46 ± 0.04 eV with an Auger
width of 90 ± 47 meV and a strength of 3.05 ± 0.83 Mb eV. For this same resonance,
R-matrix predictions give an energy of 440.441 eV, a width of 90 meV and a strength
of 2.79 Mb eV. MCDF predictions give an energy of 440.652 eV with a strength of 2.91
Mb eV, while SCUNC estimates give values of 440.580 eV and 73 meV respectively
for the energy and the width. It is seen that the present theoretical estimates for
this resonance (position and width) are in harmony with the experimental findings.
On physical grounds we note that the R-matrix with pseudo-states (RMPS) approach
provide additional electron-correlation which greatly improves the residual ion target
structure, the ionization potential of the system, resonance energy positions and Auger
widths found in the photoionization cross-sections compared to other approaches as
can be seen from the results presented in Tables 1 and 2.
We note that XMM-Newton X-ray spectral observations of WR 1 stars indicate
the NIV (N3+) K-edge absorption edge feature is at about 460 eV (26.954 Å) [12].
For the K-edge a value of 459 eV (27.011 Å) was quoted by Daltabuit and Cox
[70], obtained from the screening constant method of Slater [71, 72], which tends to
overestimate the threshold as indicated by Bethe and Salpeter [73]. We point out that
similar wavelength λ differences (∆λ ∼ 0.06 Å ) occur between K-edge experiment,
observation and theoretical estimates for atomic oxygen and its ions [28, 74]. Modern
methods such as the saddle-point with complex rotation [75] give a value of 457.445 eV
(27.1036 Å), relative to the NIII (N2+) ground state for this 1s2s22p 3Po hole state of
NIV (N3+) in close agreement with our R-matrix estimate of 457.441 eV (27.1038 Å).
Similarly for the NIV (N3+) 1s2s22p 1Po hole state, an estimate of 461.416 eV (27.870
Å) from the saddle point method [76], is in close agreement with our R-matrix values
of, 461.359 eV (26.874 Å, n=3 basis), 461.422 eV (26.868 Å, n=4 basis), and 461.317
eV (26.876 Å, n=2 basis), from the earlier work of Garcia and co-workers [38].
5. Conclusions
K-shell photoionization of B-like nitrogen ions, N2+, has been investigated using
state-of-the-art experimental and theoretical methods. High-resolution spectroscopy
was able to be achieved with E/∆E = 13,500 at the SOLEIL synchrotron radiation
facility, in Saint-Aubin, France, covering the photon energy ranges; 404 eV – 409
eV and 439 eV – 442 eV. Several strong peaks are found in the cross sections in
the energy regions, 404 eV - 409 eV and 439 eV – 442 eV which are identified as
the 1s → 2p and 1s → 3p transitions in the N2+ K-shell spectrum and assigned
spectroscopically with their resonance parameters tabulated in Tables 1 and 2. For
the observed peaks, suitable agreement is found between the present theoretical and
experimental results both on the photon-energy scale and on the absolute cross-section
scale for this prototype B-like system. The strength of the present study is the high
resolution of the spectra along with theoretical predictions made using state-of-the-
art MCDF, R-matrix with pseudo-states and empirical methods. The present results
have been compared with high resolution experimental measurements made at the
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SOLEIL synchrotron radiation facility and with other theoretical methods so would be
suitable to be incorporated into astrophysical modelling codes like CLOUDY [77, 78],
XSTAR [79] and AtomDB [80] used to numerically simulate the thermal and ionization
structure of ionized astrophysical nebulae.
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